ABSTRACT Adult Epiphyas postvittana Walker were irradiated using a Cobalt 60 source to determine the dose needed to achieve complete egg sterility of mated female moths, and egg sterility of female moths mated to F1 generation males. Adult male and female E. postvittana were irradiated at 100, 200, 250, and 300 Gy and their fertility (when crossed with normal moths) was compared with nonirradiated moths. Viable progeny (determined by egg hatch) were found at doses of 100 and 200 Gy, but very little at 250 and 300 Gy. In particular, there was no survival of female progeny into the F1 generation. Males irradiated at 250 and 300 Gy had very low egg eclosion rates (2.25 and 1.86% at 250 and 300 Gy, respectively) when mated with normal females. The F2 generation from those male progeny had a mean percent hatched of Ͻ1.02%. Based on our results, a dose of 250 Ð300 Gy is recommended for irradiation of E. postvittana adults used for sterile insect technique (SIT) if sterility of parental moths is the desired outcome. Our data also suggests that inclusion of F1 hybrid sterility rather than parental generation sterility into programs using the SIT may allow for doses lower than what we have reported, especially during initial phases of an eradication program where increase Þtness of moths might be desirable. Further research is needed to verify the use of F1 hybrid sterility in light brown apple moth SIT programs.
The light brown apple moth, Epiphyas postvittana Walker (Lepidoptera: Tortricidae) is an important economic pest of numerous crops including tree fruits such as apples, pears, citrus, peaches, nectarines, apricots, and can also be found on forestry, vegetable, and ßower crops (Wearing et al. 1991) . This insect has been associated with over 500 hosts plants in 363 genera from 121 families (Suckling and Brockerhoff, 2010) . Because of its wide host range, economic importance and designation as a Class A quarantine pest, research on methods to control this pest has been carried out and the general biology of this pest is relatively well known (see Suckling and Brockerhoff, 2010 for additional references). Like many other tortricid leafroller species, eggs are deposited on foliage by mated females. Larvae hatch, feed and spin silken shelters within rolled leaves, where pupation occurs. Development is dependent on temperature, as well as foliage availability and quality. Under standard rearing conditions at 20ЊC and Ϸ70% RH on a 12:12 L:D cycle, adults emerge within 2 wk of pupation. Females are ready to mate and lay eggs within 1 d after emergence.
As a member of the tortricid family of leafrollers, damage of E. postvittana occurs primarily as larvae to leaves of nursery stock and landscape ornamentals. It is also known to occasionally damage fruit primarily near the calyx in close association with leaves or by scarring of soft fruit such as stone fruits, grapes, and pome fruits (Varela et al. 2008) . Transmissions of pathogens can also result in damage to fruits such as grapes.
In 2007, E. postvittana was identiÞed as a new introduction into the state of California. As a result, major detection and regulatory efforts were initiated by the California Department of Food and Agriculture (CDFA) and United States Department of Agriculture-Animal Plant Heath Inspection Service-Plant Protection and Quarantine (USDA-APHIS, PPQ) because of the insectÕs economic importance and regulatory status. State and Federal quarantines (United States Department of Agriculture Animal and Plant Health Inspection Service [USDA-APHIS], 2007) were placed around areas known to have the pest, thus restricting the movement of host materials out of the quarantine areas. Follow-up surveys revealed the presence of light brown apple moth in several counties within the state (Johnson et al. 2007 ). E. postvittana has now spread to other counties of the state prompting renewed interest in developing environmentally acceptable technologies for control and eradication of this pest (Varela et al. 2008) .
Considerable research efforts have also been made to determine the most appropriate interventions aimed at the control and/or eradication of this pest, especially in Australia and New Zealand where the pest is Þrmly established. While pesticides have been used in the past for control and eradication of E. postvittana, they were not considered as eradication tools in the California program because of social and environmental concerns. Semiochemical-based technologies such as mass-trapping and attract-and-kill have been investigated but not applied on a large scale for E. postvittana to date. Interestingly, the use of pheromone disruption for control of E. postvittana has been shown to work effectively (Suckling and Clearwater 1990 , Suckling and Shaw 1995 , Suckling and Brockerhoff 2010 ; however, aerial application of pheromone to disrupt mating of E. postvittana has met with public concern in California. In contrast, similar annual aerial applications of pheromone against gypsy moth have not elicited public opposition in other states.
The sterile insect technique (SIT) is a well developed technique that has been used for the eradication of screwworm ßies (Meyer et al. 1996 ) and tephritid fruit ßies over large areas (Enkerlin 2006 , Barry et al. 2002 . The technique involves the release of massreared sterile insects that mate with their nonsterile wild counterparts resulting in nonfertile offspring. Examples of the operational use of SIT against Lepidopteran pests include the application of SIT against the pink bollworm (Pectinophora gossypiella Saunders) (Walthers et al. 2000 , Tabashnik et al. 2010 , codling moth (Cydia pomonella L.) Bloem 2000, Carpenter et al., 2001) , cactus moth (Cactoblastis cactorum Berg) (Tate et al. 2007 ), apple moth (Teia anartoides Walker) (Suckling et al. 2007) , and others. Although SIT is still in use for some of these species, the discovery of E. postvittana in California has renewed interest in the application of SIT for Lepidoptera and focused attention on the possible use of this technique against E. postvittana.
Central to the application of SIT is the requirement to render mass-reared insects sterile, while insuring that rearing, sterilization, handling and release procedures result in good competitiveness of sterile insects relative to their nonsterile counterparts. The concept known as F1 hybrid sterility where the second generation offspring of parentally sterilized insects carry gamete effects into subsequent generations is known to occur in Lepidoptera and has been reported to allow a reduced dose of irradiation with concomitant increase in Þtness of sterilized insects . Fitness attributes were studied in E. postvittana under a variety of conditions (Suckling et al., in press ). F1 hybrid sterility has been reported for several species of lepidoptera (Nguyen Thi & Nguyen Thanh 2001 , Ayvaz et al. 2007 , Tate et al. 2007 , Carpenter et al. 2009 ). These studies support the idea that the higher irradiation doses needed for full parental generation sterility could be reduced in E. postvittana with a resulting increase in Þtness of irradiated moths, an additional beneÞt of the technique. Using F1 hybrid sterility during initial phases of an SIT-based eradication program would make sense if the increased Þtness associated with lower irradiation doses could be shown to increase the likelihood of sterile male competitiveness relative to wild males. Kean et al. (2008) has modeled the effects of inherited sterility in SIT applications. This study will provide a critical Þrst step in developing the information on adult irradiation as well as F1 hybrid sterility that could lead to the use of SIT in locations such as California or elsewhere to control this pest. Whether used as a stand-alone method or integrated into a more comprehensive integrated pest management (IPM) program the application of SIT for E. postvittana is one of the few environmentally acceptable methods for control or eradication.
Materials and Methods
Source of Insects. Initial collections of E. postvittana (adults and larvae) used to start the laboratory colony were collected from wild Rubus spp. host plants in August 2007 in Volcano, on the Big Island of Hawaii. Tests were performed using the F2 to F14 generations reared in the laboratory.
Rearing. Moths were reared on standard beanbased diet (Follett and Lower 2000) . Adult moths were held in 25.4 cm 3 cages at a density of 25Ð50 each of ( and &. These were cubical wood-framed cages in which all surfaces except the ßoor (plywood) and the back (rubber diaphragm) were screened. Cylinders of plastic sheets were placed in the screened cages as an oviposition substrate and scored to encourage egg laying on them. Eggs were held in a plastic containers containing moist dental wicks to maintain humidity and held for 6 Ð7 d at 24ЊC (RH 70 at 60%) or until they turn from green to black. Then they were dipped in 13% benzalkonium chloride (Sigma-Aldrich No. B6295Ð100 g) and placed (400 Ð500 eggs) on silkscreen in alcohol-wiped 0.453 kg containers directly over a layer of diet. These diets were held at 24 Ð25ЊC (RH 45Ð50%). After egg hatch, diet and water were added as needed to maintain adequate food and moisture until larvae pupated. Pupae were removed from the container and placed in a screened holding cage at 25.5Ð26.6ЊC where they eclosed in Ϸ10 d.
Irradiation. Although irradiation of moths is characteristically done using adults, studies have been done with irradiated pupae (Nguven Thi and Nugyen Thanh 2001) . In preliminary studies (unpublished data), the difference between the proportions of eggs hatched from E. postvittana that were irradiated as pupae or adults did not differ signiÞcantly, but there were consistently fewer hatched eggs from irradiated adults. Nevertheless, adults were chosen for this study to be consistent with current moth SIT irradiation practices. Sex ratios from these progeny are presented.
The terminology used in this paper is as follows: the parental generation includes the moths that were irradiated and the nonirradiated moths to which they were paired. The Þrst progeny from the parental generation are referred to as the F1 while the progeny of the F1 generation matings are referred to as the F2.
Adult E. postvittana were irradiated at 100 Ð300 Gy in a Gamma cell 220, Cobalt 60 source irradiator (MDS Nordion, Ontario, Canada) at the USDA PaciÞc Basin Agricultural Research CenterÕs laboratory in Honolulu, HI. At the time of irradiation the source had an activity of 13685.6 Curies and an effective dose rate of 1.7 Gy/s. Adult moths were 3Ð5 d old and were chilled at 3.3ЊC for 1 h. Approximately 10 Ð25 moths were placed in a 227 ml plastic cup that was stacked in between two other empty 227 ml plastic cups inside a lead lined container (Þeld ßattener) conÞgured to improve the dosimetry of the irradiator. Dosimetry was carried out using Opti-Chromic FWT-70 Ð 40M dosimeter tags and read on a calibrated Opti-Chromic model FWT-200S reader at 656 nm (Far West Technologies, Goleta, CA). Immediately after irradiation moths were removed from the irradiation cylinder and placed in 25.4 cm 3 screened cages until mating crosses were performed.
Treatments. The breeding pairs were normal && ϫ 100 Gy (( and 100 Gy && ϫ normal ((; similar combinations were applied at 200, 250, and 300 Gy. Irradiated (( ϫ irradiated && crosses were not carried out in this study. In the Þrst series of three replicates, the calculated doses were 100, 200, and 300 Gy. Because the 100 Gy dose did not severely impact the fecundity of the moths, a second series of replicates were initiated in which the radiation doses were 200, 250, and 300 Gy. This allowed for more precise discrimination of the radiation effects between 200 and 300 Gy. Moths of both sexes, 1Ð3 d old, were irradiated at 100, 200, and 300 Gy (Þrst three replicates from 1 January 2008 through 19 August 2008), and subsequently at 200, 250, and 300 Gy (replicates 4 Ð7 from 27 Sep. 2008 Ð20 July 2009). For each replication (in both series) equivalent numbers of normal && ϫ normal (( were crossed to produce the control treatment.
Assessment of Fecundity. Crosses were carried out by placing 25 pairs of irradiated adult E. postvittana into 25.4 cm 3 cages (one pair/cage) and allowing them to mate overnight with normal moths. The following morning, moths were separated and females collected and placed into 25.4 cm 3 screened cages containing scored plastic cylinders as an oviposition substrate to lay eggs. Within 1Ð2 d females laid eggs and egg masses were removed to score egg hatch of parental generation adults.
F1 Sterility Assessment. Ten to 18 moths per sex/per dose plus controls of equal number, were out-crossed to normal moths and set up in 25.4 cm 3 screened cages at 20ЊC and Ϸ70% RH on a 12:12 L:D cycle supplemented with natural light. Eggs were collected on perforated plastic sheets and transferred to plastic containers containing a moist cotton wick (Ϸ80% RH) for Ϸ5 d, then transferred to diet and held at Ϸ25ЊC and 40 Ð50% RH until pupation. These progeny of the irradiated parent generation (P) were sexed as pupae and any emerging F1 adults were out-crossed to normal moths to produce F2 generation eggs (except replicate four where no F1 progeny were produced). Untreated moths (controls) were raised under standard conditions as described above. A minimum of 500 eggs (maximum of 1,000 eggs) per treatment were collected over a weekÕs period from each treatment group and the control, but the control progeny were not bred again.
Analyses. Data from both series were combined and subjected to an analysis of variance (ANOVA) using SAS General Linear Models (GLM, SAS Institute 2001). The independent variables were considered in the order of radiation dose by treatment cross as well as in reverse order. The former was chosen because the radiation logically impacts the subsequent breeding crosses and has the greater proportion of the variance associated with it. TukeyÕs pair-wise comparison tests (with an experiment-wise error rate of alpha ϭ 0.05) and Least Squares Means test were used to evaluate signiÞcant differences between treatment crosses and irradiation levels. These tests were conducted to the F1 generation if sufÞcient numbers of larvae survived to adults. Models for the doseÐresponse are graphed.
Results
The sex ratio of ( to & in the F1 progeny increased linearly with radiation dose (Fig. 1) where the ( was the irradiated parent and the & parent was nonirradiated. Where the & was the irradiated parent, the absence of progeny precluded computing sex ratios above 200 Gy. At 100 Gy both irradiated (( and && had greater proportions of egg hatch than at higher doses (Table 1) . At 200 Gy hatch from crosses made with irradiated males (101 (( and 26&&) did not differ signiÞcantly from at the higher doses, but crosses made with irradiated females produced few offspring (3 (( and 3&&). Irradiation at 100 Gy resulted in 54.1% of (( and 16.10% of && hatching; thus, it was decided to abandon further testing at 100 Gy and only 200, 250, and 300 Gy were used in the four subsequent trials.
For the F1 progeny survivors from the crosses of irradiated parents, egg production did not differ from the control except at one radiation dose (250 Gy of which there were only four replicate trials). However, there were signiÞcant differences in the percentage of larvae hatching from those eggs. The signiÞcance of the ANOVA over all of the data (F ϭ 57.83; N ϭ 48; df ϭ 5,43; P Ͻ 0.0001) was most impacted by radiation dose treatment (F ϭ 69.08; N ϭ 48; df ϭ 4,44; P Ͻ 0.0001), whereas the effect of the type of breeding cross, while highly signiÞcant, was the lesser component of variance (F ϭ 12.82; N ϭ 48; df ϭ 1,47; P Ͻ 0.0009). Means for percentage egg hatch at the three highest radiation levels were signiÞcantly lower than for 100 Gy, but hatch at all radiation levels were signiÞcantly lower than for the control (Table 1 ).
In the above ANOVA with radiation dose as the Þrst level and type of mating cross as the second levels of independent variables, respectively, the mating crosses were a signiÞcant level in the analysis. Using the radiation dose and mating cross combination (hereafter called "dose-cross") as a grouping variable in the analyses, there are no signiÞcant differences in egg production (F ϭ 0.44; N ϭ 48; df ϭ 8,40; P ϭ 0.8905), but there were signiÞcant differences for the number of larvae produced in the F1 generation (F ϭ 13.54; N ϭ 48; df ϭ 8,40; P Ͻ 0.0001), percentage of egg hatch (F ϭ 53.25; N ϭ 48; df ϭ 8,40; P Ͻ 0.0001), number of ( pupae (F ϭ 22.06; N ϭ 42; df ϭ 8,34; P Ͻ 0.0001) and number of & pupae (F ϭ 68.16; N ϭ 42; df ϭ 8,34; P Ͻ 0.0001). Table 1 shows the means derived from the data for each dose-cross combination.
In the Þrst three replicates, crosses of normal & ϫ I ( treated with 100, 200, or 300 Gy, produced 1351 F1 larvae. F1 adults (n ϭ 133) arising from these larvae were used in crosses to produce F2 eggs. In these same series, 348 larvae were produced from I& ϫ N( crosses at all doses Ͻ300 Gy. Thirty of these progeny were used in crosses to produce F2 eggs. No eggs hatched from parents irradiated at 300 Gy.
In the subsequent four series of replicates at 200, 250, and 300 Gy, there were only 61( and 7& F1 pupae, and crosses from none of those produced viable ( or & F2 eggs. Therefore, it is not possible to analyze the & F2 egg hatch Ͼ200 Gy dose because none survived to that stage in any of these four replications nor in the Þrst three replications. There was a significant difference between 100 and 200 Gy doses with regard to the number of eggs hatched for both the I& ϫ N( and N& ϫ I( crosses (F ϭ 14.19; N ϭ 11; df ϭ 1,8; P Ͻ 0.0055).
In the F2 generation, eggs were produced at all radiation levels for the cross of N& ϫ F1(, but numbers of eggs was not correlated to radiation dose (F ϭ 3.20; n ϭ 16; df ϭ 3, 12; P ϭ 0.0618) at the 0.05 level of alpha.
Surviving F1 adult progeny from irradiated male parents produced eggs, but only the 100 Gy treatment Fig. 1 . The ( to & sex-ratio of F1 progeny of N& ϩ I( crosses increased after irradiation of adult E. postvittana at four radiation doses between 100 and 300 Gy. Progeny were not produced from irradiated females except at 100 Gy (E). a TukeyÕs pair-wise comparison tests of means were applied. Numbers followed by the same letter are not signiÞcantly different at P ϭ 0.05. b Only one replication of the progeny arising from the parental generation was carried to pupation in the nonirradiated controls. That was in the Þrst trial on Jan. 11 2008. was signiÞcantly different from the 200, 250, and 300 Gy dose (F ϭ 6.76; n ϭ 19; df ϭ 3,14; P ϭ 0.0048) with regard to egg hatch ( Table 2 ). The rates of decline in larval emergence for the F1 generation are graphed for irradiated male and female parents (Fig. 2) .
For the fertility of the F1 progeny from male moths exposed to 300 Gy there was 1.014 Ϯ 0.776% egg hatch. The differences in hatch between 100 Gy and the other radiation doses for the N& ϫ F1( cross were signiÞcant (F ϭ 17.75; n ϭ 14; df ϭ 3, 10; P ϭ 0.0002; see Table 2 ). The differences among the 200 Ð300 Gy doses were not signiÞcant by TukeyÕs pair-wise comparison tests. Figure 3 shows the linear trendline for the percentage hatch of the F2 eggs from the crosses of surviving F1 adult progeny of both sexes mated with nonirradiated ßies of the opposite sex.
Discussion
Some progeny emerged from E. postvittana that had been irradiated as adult moths at 200, 250, or 300 Gy. Exposure to 300 Gy prevented the production of viable eggs from crosses using irradiated female parents, and very few eggs hatched from crosses of an irradiated male to a normal female. It was noted that there was signiÞcantly higher larval survival for the Þrst three replicates compared with the last four replicates. Regarding the difference in egg and larval survival in the Þrst three as opposed to the last four replicates, the results of all seven replicates are presented in this paper to document the variability that can occur in laboratory rearing. Stephens et al. (2006) demonstrated the 23% reduction in ßight performance ex- a Percent hatch is calculated separately for each group; that is, progeny from males of the F1 generation and progeny of females of the F1 generation. For the treatment combination 250 Gy by I( ϫ N& only two replicates could be included in the analysis.
b TukeyÕs pair-wise comparison tests of means were applied. Numbers followed by the same letter are not signiÞcantly different at P ϭ 0.05.
Fig. 2.
A third order polynomial model is Þtted to the mean proportion of egg hatch from the parent generation at Radiation doses between 100 and 300 Gy.
perienced in their study of the painted apple moth was related to an increase in the length of pre-and posttreatment time that the insects were held in the irradiation container. Variability in quality of the cohorts of moths produced in the rearing facility is well documented (Boller et al. 1981 , Chambers et al. 1983 , and shipping and handling effects have also been studied (Purcell et al. 1994) in parasitized fruit ßy puparia. However, the fact that there were any male survivors at 300 Gy brings a note of caution. The fact that there was no F2 hatch at 250 Gy must be weighed against the fact that these results occurred only in the last four replicates. Although the speciÞc reason for this discrepancy is not known we speculate that desiccation in the larval diets or unknown environmental changes may have occurred in the latter. However, when analysis was performed over the whole experiment (all seven replications) our conclusion was that a dose of 300 Gy would be sufÞcient to provide an adequate parental generation sterility level for the application of SIT. However, we believe that this dose can be signiÞcantly reduced if F1 hybrid sterility is considered as part of the desired outcome. Tate et al. (2007) reported 200 Gy as the appropriate dose to prevent viable progeny from irradiated cactus moth, Cactoblastis cactorum (Berg). Nguyen Thi and Nguyen Thanh (2001) reported that 200 Gy induced, in Plutella xylostella (L.) (Lepidoptera: Plutellidae), 60% sterility in the parent and F1 generations, but that sterility increased to 90% in the F2 generation. Carpenter et al. (2009) tested the effect of 150 Gy of radiation on the nuclei clusters of sperm in Þve species of Lepidoptera: Cactoblastis cactorum Berg (Pyralidae), Plutella xylostella L. (Plutellidae), Teia anartoides Walker (Lymantriidae), Helicoverpa zea Boddie (Noctuidae), and Spodoptera frugiperda J. E. Smith (Noctuidae). They found morphological anomalies in all. A sixth species, codling moth Cydia pomonella L. (Tortricidae), showed similar anomalies when subjected as little as 100 Gy of radiation. Ayvaz et al. (2007) reported that Mediterranean ßour moth (Ephestia kuehniella) Zeller produced 4.3 and 15.7% viable progeny in the F1 and F2 generations, respectively, from males irradiated at 200 Gy. F1 and F2 generations from females irradiated at that dose produced 2.2 and 61.7% viable progeny, respectively. The implication of these and other studies is that the radiation dose does not have to severely impact the parental generation to have sterility effects into the F1 and F2 generations, although those effects are gradually lost. In the study reported here, the fact that there was an average of only 1.9% surviving F1 progeny of male moths irradiated at 300 Gy, and there were no progeny from females irradiated at that dose, suggests that this dose is adequate for SIT. B. Woods (personal communication of co-author) obtained similar low survival of males at 300 Gy. Kean et al. (2012) recently reported that doses of Ͻ300 Gy would likely be effective. A FAO/IAEA Sponsored Coordinated Research Program concluded that 1) F1 sterility is an effective and environmentally safe tactic for lepidopteron pest suppression that is useful under a variety of environments and crop production strategies. 2) F1 sterility is compatible with all pest control tactics. The combination of F1 sterility with pheromones, natural enemies, host plant resistance, entomopathogens, and insecticides results in synergistic pest population suppression . Fig. 3 . Linear models are Þtted to mean egg hatch rates (ϮSEM) from E. postvittana progeny of F1 crosses using adult male or female ßies from the parental generation treated at doses between 100 and 300 Gy. F1 progeny from irradiated males had very low fecundity, whereas F1 progeny from irradiated females were more fecund.
However, F1 sterility in E. postvitanna needs to be further researched to demonstrate the impact of this technique in the Þeld and determine the role of F1 sterilty relative to parental sterility in actual eradication programs.
Therefore, for the purpose of this study it appears that a dose of 250 Ð300 Gy would be adequate for the application of SIT whereby few or no progeny is expected from irradiated adult moths. However, our results on F1 sterility suggests that further research on F1 hybrid sterility is warranted if it can be demonstrated that a lower dose improves Þtness of sterile moths. SIT is and continues to be a viable alternative to other more conventional pest control measures. Area wide approaches that incorporate SIT as part of an overall IPM program can further improve the use of this technology.
